Abstract-Plenoptic background oriented schlieren imaging has recently been introduced as a single-camera technique used to observe three-dimensional density gradients in a flow field. With the ability to generate focused BOS images, the signature of density gradients produced at different depth locations can be distinguished from one another. Two experiments demonstrate the capabilities of this technique. The first experiment visualized the rising plumes produced from two simple flames placed at different depths in a low magnification configuration. The second experiment used a high magnification configuration with long working distance to visualize shock waves in a 6.35 millimeter diameter underexpanded jet. These experiments demonstrate plenoptic BOS as a simple and convenient threedimensional visualization technique that can be applied in facilities with limited optical access.
I. INTRODUCTION
Schlieren-based flow visualization techniques are widely used optical tools when it comes to measuring density gradients in transparent media. These line-ofsight integrated techniques are often favorable due to their non-intrusive nature and their sensitivity to small changes in density. These techniques are commonly used to visualize density gradients in a variety of flows ranging from shock waves to rotor blade tip vortices to heated plumes. In the background oriented schlieren (BOS) technique, density gradients within the flow are observed through the apparent shift of a random patterned background often determined by correlationbased or optical flow algorithms. While a standard BOS configuration produces line-of-sight integrated measurements, it is also possible to acquire threedimensional flow field data using multi-camera configurations (e.g. [1] - [3] ). While the review of previous works in both schlieren and BOS are beyond the scope of this papers, the reader should reference articles by Settles et al [4] and Raffel [5] for additional information.
An alternative to multi-camera configurations, particularly in a facility with limited optical access, is to utilize a plenoptic camera in the BOS measurement system. Originally developed by Adelson and Wang [6] and further demonstrated in hand-held format by Ng et al [7] , the plenoptic camera has the ability to sample the light field in a single snapshot. The light field is a more complete description of the scene as it includes both spatial and angular information about the light present in the scene. This additional information is collected through the insertion of a microlens array in front of the image sensor. Knowledge of the light field provides the ability to computationally render, after the fact, arbitrary perspective views and synthetically refocused images from a single image. The successful use of the plenoptic camera in particle image velocimetry and particle tracking [8] - [10] provides further motivation to incorporate this imaging system into a BOS experiment.
Plenoptic BOS combines the unique capabilities of a plenoptic imaging system, perspective shifting and refocusing, with the concepts of conventional BOS. During post-processing, rendered focused BOS images provide the ability to qualitatively infer depth about features producing density gradients within the scene. The relative sharpness of such images can also be used to quantitatively estimate the position of a feature in three-dimensional space. In this work, two experiments demonstrate the capabilities of this technique and highlight its applicability to facilities where a singlecamera configuration might be favorable.
II. PLENOPTIC BACKGROUND ORIENTED SCHLIEREN
Recently, Klemkowsky et al [11] introduced plenoptic background oriented schlieren (plenoptic BOS) to the family of schlieren techniques. The plenoptic BOS setups acquires multiple lines-of-sight (perspective views) with and without the presence of density gradients. The apparent shift in the background pattern is determined for each perspective view image pair. The displacements determined from all lines-ofsight can then collectively be used to generate focused BOS images, which are rendered similarly to that of a synthetic refocused image. The main difference is that the measured displacements represent a 4D vector displacement field rather than a 4D scalar intensity field. This provides the opportunity for focused BOS images to be rendered in terms of solely x-displacements, ydisplacements, or the magnitude of the displacement. This is functionally equivalent to rotating the knife edge in a conventional schlieren experiment. Qualitatively, such images provide the ability to infer depth about density gradients in the scene, and quantitatively this allows for estimations of their physical location in 3D space.
Rendered focused BOS images from a plenoptic BOS system are similar to that of a focused schlieren system [12] , [13] . The main difference between these two techniques is that a focused schlieren system requires manually changing the focal plane position during image acquisition in order to observe density gradients at a specified depth location. With plenoptic BOS, the focal plane can be synthetically changed during the post-processing period. Plenoptic BOS has been used to preliminarily explore both a laminar heated jet [11] and shock wave turbulent boundary layer interactions [14] . Plenoptic BOS has also been used to demonstrate the ability to measure the depth of an object by analyzing the relative sharpness of images contained in a 3D focal stack [11] , and preliminary comparisons of this technique have also been made with a conventional BOS system. [15] III. EXPERIMENTAL SETUP As a qualitative demonstration of the plenoptic BOS method, an open-air BOS experiment was setup using two flames to produce rising hot air plumes that interact with the surrounding room temperature air. A handheld lighter with a diameter of approximately 5 millimeters was placed ~300 millimeters in front of the nominal focal plane. A natural gas Bunsen burner with an inner diameter of 11 millimeters was placed ~180 millimeters behind the nominal focal plane. The two flames were offset from each other in the field of view, as shown in a rendered center perspective image in Figure 1(a) . A wavelet-based generated background was used in order to observe density gradients produced on a wide range of length scales. The approximate working distance (distance from the main lens to the nominal focal plane) was 0.6 meters.
An IMPERX Bobcat 6620 29MP camera with a KAI-29050 CCD image sensor was setup with a Nikon AF -135 millimeter main lens. The camera was modified by the Auburn University Advanced Flow Diagnostics Laboratory with a 471x362 hexagonal microlens array, where each microlens had a pitch of 77 micrometers and a focal length of 308 micrometers. The magnification in the raw plenoptic image was approximately -0.11 with an f# of 4.
During post-processing, perspective images with and without the presence of the two flames were rendered at a resolution of 900x600. A 2D cross-correlation algorithm was performed on a cropped region of each perspective view image pair, where the final interrogation window size was 8x8 pixels with 50% overlap. The cropped region was selected in order to eliminate the luminescent portion of flame produced by the handheld lighter and the base of the Bunsen burner, both of which obscure the background resulting in erroneous displacement vectors. This cropped region, shown as the red box in Figure 1(a) , was 700 pixels in the x-direction and 420 pixels in the y-direction. From this cropped region, 171x101 displacement vectors were determined. Focused BOS images were rendered by upscaling the numbers of vectors by a factor of two. This resulted in focused BOS images rendered with a resolution of 342x202.
It is also important to note at this stage the depth of field (DOF) calculations pertaining to this experiment. Such calculations are dependent on the optical configuration of the camera, which could potentially be adjusted for different experiments. The DOF for a rendered perspective image was approximately 1 meter. This defines the full range in the depth direction over which objects will appear to be most in-focus. The DOF of a rendered refocused image was approximately 0.07 meters. This range is much smaller than that of a perspective view because the size of the effective aperture is defined by a single pixel on the main lens rather than the size of a microlens. This is essentially an illustration of a pinhole aperture. The DOF for a focused BOS image is 0.25 meters, which is defined by the smallest interrogation window size used during crosscorrelation and a full aperture. This shows that a rendered focused BOS image provides a more narrow DOF compared to the all-in-focus perspective views. Figure 1(b) . Such detail is lost as the synthetic focal plane is shifted to the plume corresponding to the Bunsen burner in Figure 1(c) . It is interesting to note that these images are fundamentally the same as refocusing the camera, where features located away from the focal plane are imaged yet blurred. As the focal plane is adjusted, or synthetically specified in our work, features will come into or out of focus according to their location relative to the adjusted focal plane position. Using focused BOS images, the relative sharpness can be used as a means of quantitatively determining depth. Removing blurred features and estimating the 3D density field using deconvolution and/or tomographic reconstruction algorithms is a topic currently under investigation.
IV. RESULTS AND DISCUSSION
A distinctive feature about the plenoptic BOS technique as a whole is its ease of applicability to a range of experiments with different length scales. Just like a conventional camera, the field of view and depth of field of plenoptic BOS are determined by the objective lens used to form the image. In this experiment, there was a relatively short working distance for a low magnification, where there was a large perspective image DOF and a focused BOS DOF of 4-times smaller. On a much smaller length-scale, a recent plenoptic BOS experiment was performed at Sandia National Laboratories to provide preliminary results of a high magnification plenoptic BOS system with a long working distance, where the ultimate goal of such a system is to resolve features in hypersonic boundary layer transition and turbulence.
This small-scale experiment used an underexpanded air jet produced by a converging-diverging nozzle. This system operated at 700psig back pressure, which resulted in an exit Mach number of approximately 3.3. The exit diameter of the jet was 6.35 millimeters, and the exit-to-throat area ratio was approximately 8.26. The magnification was -5.0. A unique feature of this experiment was that the working distance was over a quarter of a meter yet it was still able to maintain a high magnification. The DOF measurements were 3.9 millimeters and 1.3 millimeters for perspective and focused BOS images, respectively.
Due to such a high magnification in this setup, the background pattern had to be relay imaged into the depth of field of the plenoptic system by using a freespace mounted custom lens system. The perspective image DOF did not include the position of the jet. The underexpanded jet was positioned approximately 10 millimeters in front of the nominal focal plane. Figure  2 (a) shows a focused BOS image corresponding to the nominal focal plane location. Figure 2(b) shows a focused BOS image corresponding to approximate depth location of the jet. It is apparent in Figure 2 (a) that the jet is not in focus because the detail is blurred and unclear. The ability to observe detail about the jet at its respective location is proof that this large aperture plenoptic BOS system is capable of generating focused BOS images of features placed outside the range of the system (outside of the DOF of a perspective image). It is important to stress that this refocusing capability is performed during post-processing. One advantage of being able to computationally refocus an image is that any misalignments or changes in position of the object can be corrected after the fact. In conventional focused schlieren experiments, there is little ability to deal with unanticipated movement of the object.
V. CONCLUSION
Plenoptic BOS provides ability to acquire focused schlieren images with a simple, single-camera experimental arrangement, which is advantageous for facilities with limited optical access or other situations where simple experimental arrangements and real-time processing may be necessary. In the current implementation, the focal plane is generated synthetically allowing for it to be adjusted after the fact as part of the post-processing procedure. It is important to note that, although outside the scope of the current effort, it is possible to improve the computational efficiency of our method for real-time image analysis.
The two experiments mentioned in this paper demonstrate the plenoptic BOS technique in different optical configurations, each with differing magnifications and working distances. The ability to generate focused BOS images presents the opportunity to distinguish between features contained at varying depths in the scene. This capability has been shown on two different length-scale configurations. Such work can also be extended to quantitatively estimate the distance at which certain features reside within the scene. Work is ongoing to further refine the technique through more sophisticated image processing algorithms and the inclusion of multi-plenoptic-camera experimental arrangements for quantitative 3D reconstruction of the 3D density field.
